Purpose To determine the percentage of unbalanced spermatozoa and an interchromosomal effect in two carriers of balanced translocations t(13;15)(q32;q26) and t(13;15)(q32; p11.2). Methods Sperm nuclei analysis by fluorescent in situ hybridization for detection of percentage of unbalanced spermatozoa and sperm with disomy of chromosomes X, Y, 8, 18, 21 and diploidy. Results The incidence of unbalanced spermatozoa was 50.5 % and 44.6 % in patient 1 (P1) and patient 2 (P2), respectively. Partial disomy of chromosome 13 was detected in 13.4 % and 21.3 % of sperm in P1 and P2, respectively. The unbalanced karyotype der(15)t(13;15) was found previously in a son of P1 and in two adult relatives, and prenatally in the family of P2. This demonstrates a high risk of delivering an affected offspring. Significantly increased frequencies of chromosomes 8, 18, X and XY disomy and diploidy were observed in P2, which might either indicate an interchromosomal effect or be related to his asthenoteratozoospermia. Conclusions Since the proportions of unbalanced spermatozoa and the risk of delivering an affected offspring are high, prenatal or preimplantation genetic diagnosis is recommended for such patients.
Introduction
Balanced translocations appertain to the most frequent structural chromosomal aberrations in man and their incidence in the general human population is about 0.14 % [1] , whereas in infertile couples, they can reach up to 7 % [2] . Their carriers can suffer from infertility, recurrent spontaneous abortions and are at increased risk of delivering offspring with a chromosomally unbalanced karyotype. During meiosis I, two pairs of homologous chromosomes create a quadrivalent (reciprocal translocation) or trivalent (Robertsonian translocation). The unequilibrated quadrivalent segregation modes (adjacent 1, adjacent 2, 3:1 tertiary or 3:1 interchange) produce several types of unbalanced gametes. The correlation between human male infertility due to disturbed spermatogenesis and abnormalities of chromosomes (particularly translocations) was reported in the 1970s [3, 4] . Studies of meiotic segregation performed using fusion of spermatozoa with zona-free hamster eggs or later a better method-fluorescent in situ hybridization (FISH) in men carrying a translocation between two autosomes have been published repeatedly (reviewed by [5] [6] [7] ). However, to the best of our knowledge, there are only three reports [8] [9] [10] on spermatozoa of males carrying a reciprocal translocation between acrocentric chromosomes. Only one of the papers [10] deals with non-Robertsonian translocation t(13;15). The frequency of chromosomally unbalanced spermatozoa in translocation carriers ranges between 3.4 and 81.4 % (reviewed by [5] [6] [7] ) and depends on chromosomes involved in the translocation, the location of breakpoints (the size of translocated segments) and the chiasma frequency and position [11] . The above reviews show that the frequency of unbalanced sperm in patients with Robertsonian translocations is in most cases lower (3.4-40 %) (reviewed by [5, 7] ) than in patients with reciprocal translocations (37.2-81.4 %) (reviewed by [5, 6] ). Comprehension of the mechanisms of meiotic segregation of reciprocal translocations helps to estimate the risk of fetal loss and birth defects.
Chromosomal aberrations (in this case a translocation) can also affect the segregation of uninvolved chromosomes resulting in an increased number of aneuploid spermatozoa. This phenomenon described in several articles [12] [13] [14] [15] is known as an interchromosomal effect (ICE). However, its existence still remains a subject of debate. Increased frequency of aneuploidy, mainly of sex chromosomes, might also be attributed to an abnormal spermiogram that is observed in most men with translocations [16] .
We studied sperm meiotic segregation and aneuploidy of chromosomes X, Y, 8, 18, 21 in two carriers of different balanced non-Robertsonian translocations of acrocentric chromosomes 13 and 15 which are inherited from generation to generation in their families.
Materials and methods

Patients
The first patient (P1) was a 29-year-old man with the balanced translocation t(13;15)(q32;q26) (Fig. 1a) . Unbalanced translocation der(15)t(13;15)(q32;q26) was found in his 1-month-old son with congenital developmental (cleft lip and palate) and heart defects. His wife had normal karyotype. Patient P2 is an only child; his mother was pregnant eight times. The pedigree of the family is displayed in Fig. 1b .
The second patient (P2) was a 35-year-old man with the balanced translocation t(13;15)(q32;p11.2) (Fig. 1a) . He underwent preconception testing and genetic counselling because of the occurrence of balanced and unbalanced chromosomal translocations in his relatives. The pedigree of the family is displayed in Fig. 1c .
Both patients gave their informed consent to participate in the study. The study protocol was reviewed and approved by the Institutional Review Board of the University Hospital Brno, Czech Republic.
Karyotype
Conventional cytogenetic analysis of peripheral blood lymphocytes was perfomed using standard techniques. Prepared chromosomal samples were subjected to G-banding. Reciprocity of the translocation was tested by FISH, using whole chromosome painting probes (WCP 13-Spectrum Green, WCP 15-Spectrum Orange; Vysis-Abbott, Abbott Park, IL, USA). Probes for p-arms of acrocentric chromosomes (Acro-P-Arms Probe, Kreatech, Amsterdam, Netherlands) and by nucleolar organising region (NOR) staining were also applied in patient P2. Because of a heart defect, the microarray-CGH assay was recommended in patient P1. This examination (244K, Agilent Technologies, Inc., Stevens Creek Boulevard, Santa Clara, USA) revealed no deletions or duplications in the breakpoint regions.
Sperm samples
The ejaculates were obtained by masturbation. Semen analysis was performed according to WHO guidelines, using strict criteria [17] . Data concerning the control group of 10 young normospermic men were published previously [18] .
Fluorescent in situ hybridization on sperm nuclei
Spermatozoa of both patients were examined by three-color FISH using mix of DNA probes for centromere 15 (satellite III, Vysis-Abbott), subtelomere 13q (Kreatech,) and the locus specific probe PN 13q14 (Kreatech). A possible interchromosomal effect was examined by three-color FISH with centromeric DNA probes CEPX, CEPY, CEP8 (VysisAbbott) and two-color FISH with centromeric DNA probe CEP18 and locus specific probe LSI21 (Vysis-Abbott). The instructions of the producers of DNA probes were followed. Detailed procedures for sperm preparation and FISH have been previously described [19] . Slides were examined using strict scoring criteria [18] under an Olympus BX60 fluorescence microscope equipped with FITC/PI dual filter, DAPI/ FITC/Texas Red triple-bandpass filter, FITC and Texas Red single filters and phase-contrast optics.
Statistical analysis
Statistical analysis was performed by the coincidence test for relative frequencies by use of the SPSS software package, version 18 for Windows (SPSS, Inc., Chicago, IL, USA).
Results
P1
Balanced reciprocal translocation between acrocentric chromosomes 46,XY,t(13;15) (q32;q26) was found by a conventional cytogenetic examination. Reciprocity of the translocation was demonstrated by whole chromosome probes. The examination by array-CGH revealed no deletions or duplications. Semen analysis showed normal parameters: volume 2.1 ml, concentration 36 mil/ml, motility 64 % and 10 % spermatozoa with normal morphology. A total of 1,000 sperm nuclei were analysed by three-color FISH with appropriate probes; 49.5 % were normal or balanced (alternate segregation; FISH method cannot distinguish between chromosomally balanced and normal sperm) and 50.5 % were unbalanced. Numbers of spermatozoa arising from each of the segregation modes are summarized in Table 1 . Within the interchromosomal effect assay a total of 10,029 sperm nuclei (for chromosomes X, Y, 8) and 10,014 sperm nuclei (for chromosomes 18, 21) were counted ( Table 2) . No statistically significant increase in the frequency of disomy and diploidy was found when compared with the results of the control group.
P2
By a conventional cytogenetic examination, the balanced translocation t(13;15)(q32;p11.2) between the q-arm of chromosome 13 and p-arm of chromosome 15 was found. Reciprocity of this translocation was not proved either by using whole chromosome painting probes or by applying the NOR staining or by FISH with probes for p-arms of Fig. 1 a Ideograms (G-banding) of normal and rearranged chromosomes 13, 15 with indicated breakpoints b Pedigree of the family of P1 c Pedigree of the family of P2 acrocentric chromosomes. Parameters meaning asthenoteratozoospermia (volume 4.6 ml, concentration 21 mil/ml, motility 20 % and 2 % normal morphology) were detected by semen analysis. By three-color FISH with appropriate probes 1,014 sperm nuclei were analysed: 55.4 % were normal or balanced (alternate segregation) and 44.6 % were unbalanced. Numbers of spermatozoa arising from each of the segregation modes are summarised in Table 1 . Another 10,090 (for chromosomes X, Y, 8) and 10,029 (for chromosomes 18, 21) sperm nuclei were evaluated to determine the interchromosomal effect (Table 2) . A statistically significant increase of diploidy (P<0.001), sex chromosome disomy (P<0.001) and disomy of chromosomes 8 (P<0.01) and 18 (P<0.01) was detected.
Discussion
Non-Robertsonian translocations of acrocentric chromosomes are relatively rare. Our study of two carriers of the previously unstudied non-Robertsonian translocation t(13;15) was intended to determine the percentage of unbalanced spermatozoa and the existence of ICE and to compare the observed frequencies with published data of men with reciprocal translocations. The first step was to assemble a karyotype and to test the reciprocity of the translocation. The reciprocity of the translocation was proved in patient P1. However, reciprocity of the translocation in patient P2 was not proven. The nucleolar organising region, which contains the tandemly repeated ribosomal genes, is located in the region 15p11.2→pter which is missing in our patient P2. NORs can be identified as secondary constrictions on metaphase chromosomes and can be visualised for example by silver staining (NOR staining), due to the abundance of associated proteins. However, neither NOR staining, nor FISH with probes for p-arms of acrocentric chromosomes showed a signal on the q-arm of the der(13) chromosome. Nevertheless, it is known that not all NORs form secondary constrictions and can be silver stained during metaphase [20] . The NOR regions are highly repetitive DNA sequences and their loss in patient P2, similarly to persons with Robertsonian translocation, does not have any phenotypic expression.
Carriers of structural chromosomal abnormalities have generally a normal phenotype but they are at a higher risk of producing chromosomally unbalanced gametes. The percentage of unbalanced spermatozoa in men with reciprocal translocations ranges between 37.2 and 81.4 % (reviewed by [5, 6] ). On the contrary, carriers of Robertsonian translocations tend to produce 3.4-40 % of abnormal spermatozoa (reviewed by [5, 7] ). The results of sperm FISH for meiotic segregation showed 50.5 % of unbalanced spermatozoa in patient P1 and 44.6 % in patient P2, which is in the lower half of the frequency range observed in reciprocal translocation carriers. To the best of our knowledge, just one carrier of non-Robertsonian translocation t(13;15) was studied for the sperm meiotic segregation so far [10] . As shown in Table 1 , the carrier of translocation t(13;15)(q14.1;q26.3) analysed previously in our laboratory, despite a different location of breakpoints, showed an almost identical segregation profile to patient P2 reported in this paper. In all three patients, the sperm FISH analysis detected a large percentage of sperm produced by adjacent-1 segregation (33.9 % in P1, 41.8 % in P2 and 41.9 % in a patient with t(13;15) (q14.1;q26.3). Partial disomy for chromosome 13 was observed in 13.4 %, 21.3 % and 22.3 % of spermatozoa, respectively. This indicates a high risk of conceiving an offspring with partial trisomy of chromosome 13, which can still be viable. Moreover, the translocations in both patients reported here are characterised by relatively short translocated segments. It is known that the shorter the translocated segment is, the higher the risk is of producing a viable unbalanced offspring [21] . Individuals with unbalanced karyotypes appeared in both families reported here (see the pedigrees in Fig. 1 ). Unbalanced translocation der(15)t(13;15)(q32;q26) was found in patient P1's son with congenital developmental and heart defects. Two affected siblings with karyotype 46,XX (or XY),der(15)t(13;15)(q32;p11.2) were born in patient P2's family and one pregnancy was terminated after prenatal cytogenetic diagnosis of the same unbalanced karyotype. This aberration dup(13)(q32→qter) described in the literature [22] results in mental and physical retardation and, despite of a relatively small superfluous segment, the proportion of observed patients dying between 4 months and 2 years of age was about 50 %. The son of patient P1 died at the age of 5 months due to complications connected with his congenital heart defect. Both affected relatives of patient P2 are alive (now they are 21 and 19 years old), but show mental retardation and congenital heart and eye defects.
Chromosomes X, Y, 8, 18 and 21 were chosen for studying a possible interchromosomal effect (ICE). Numerical aberrations of gonosomes and chromosomes 13, 18 and 21 are the most common aberrations among aborted and live births. Aneuploidy of chromosome 13 was not examined because of its involvement in the studied translocations. When compared to the control group, a statistically significant increase in diploidy, sex chromosome disomy and disomy of chromosomes 8 and 18 was detected in patient P2. Such results would indicate the ICE. However, an association between poor semen parameters and increased sperm aneuploidy described in some studies [14, 23, 24] must also be taken into account. Both patients reported in this study carried similar translocations involving chromosomes 13 and 15 with one identical breakpoint. Whereas patient P1 was normospermic and without any interchromosomal effect, patient P2 showed asthenoteratozoospermia and increased disomy and diploidy frequencies. This more likely suggests a relationship between the disturbed segregation of chromosomes and a pathological spermiogram. However, an increased frequency of XY disomy and diploidy was also detected in our previously published report on a patient with t(13;15)(q14.1;q26.3), who showed normal semen parameters [10] . A complex disturbance of the meiotic and spermatogenetic processes probably occurs in some males regardless of their karyotype. Whether the initial reason for the abnormalities described in translocation carriers is the meiotic behaviour of chromosomes involved in the translocation is still questionable. So the interchromosomal effect of translocations, resulting in increased frequencies of disomy and diploidy observed in many translocation carriers [15] , needs further evidence and investigation.
This study showed that the non-Robertsonian t(13;15) carriers produced a high proportion of viable spermatozoa with unbalanced chromosomal content. Since a descendant with congenital malformations can be born after fertilization with such sperm, prenatal examination or preimplantation genetic diagnosis is strongly recommended. As for the ICE, further studies containing complete information about the patient are necessary to find out whether the increased disomy frequencies arise due to an interchromosomal effect of a translocation or whether they are more related to an abnormal spermiogram.
